Animals across various phyla exhibit odor-evoked innate attraction behavior that is developmentally programmed. The mechanism underlying such behavior remains unclear because the odorants that elicit robust attraction responses and the neuronal circuits that mediate this behavior have not been identified. Here, we describe a functionally segregated population of olfactory sensory neurons (OSNs) and projection neurons (PNs) in Drosophila melanogaster that are highly specific to ammonia and amines, which act as potent attractants. The OSNs express IR92a, a member of the chemosensory ionotropic receptor (IR) family and project to a pair of glomeruli in the antennal lobe, termed VM1. In vivo calcium-imaging experiments showed that the OSNs and PNs innervating VM1 were activated by ammonia and amines but not by nonamine odorants. Flies in which the IR92a + neurons or IR92a gene was inactivated had impaired amine-evoked physiological and behavioral responses. Tracing neuronal pathways to higher brain centers showed that VM1-PN axonal projections within the lateral horn are topographically segregated from those of V-PN and DC4-PN, which mediate innate avoidance behavior to carbon dioxide and acidity, respectively, suggesting that these sensory stimuli of opposing valence are represented in spatially distinct neuroanatomic loci within the lateral horn. These experiments identified the neurons and their cognate receptor for amine detection, and mapped amine attractive olfactory inputs to higher brain centers. This labeled-line mode of amine coding appears to be hardwired to attraction behavior.
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olfaction | neural circuit | odorant receptor T he olfactory system of adult Drosophila melanogaster serves as a genetically and anatomically simple model for studying how sensory input is translated into behavior output. The majority of olfactory sensory neurons (OSNs) express one functional receptor that is composed of an odorant receptor coreceptor (ORCO) and one of ∼45 odorant receptors (ORs) (1) (2) (3) . About a quarter of the OSNs that do not express ORs recently were shown to express a second family of insect olfactory receptors termed the "ionotropic receptors" (IRs) (4) . Each of these OSN types expresses a single or multiple IRs together with a coreceptor, IR8a or IR25a (or rarely both) (5) . OR and IR sensory neurons expressing the same receptor send their axonal projections to one or rarely two of ∼50 spatially invariant glomeruli within the antennal lobe (AL) (4, (6) (7) (8) where they provide significant synaptic inputs to second-order projection neurons (PNs) that convey the sensory information to higher brain centers such as the mushroom body (MB) and the lateral horn (LH) (9) (10) (11) (12) .
This genetic and anatomical simplicity of Drosophila has allowed us to further our understanding of a general principle of innate behavior. The emerging characteristics of a neural circuit that is hardwired to a specific behavior include (i) the specificity of the sensory neurons to a single chemical cue and (ii) the discrete spatial representation of that cue in a higher brain center. Indeed, single populations of OSNs activated by ethologically relevant odorants such as cis-vaccenyl acetate, carbon dioxide, and protons induce female receptivity and avoidance behavior (13) (14) (15) (16) . Intriguingly, each of these sensory neurons is highly specific to each of these odorants. This specificity is unusual, however, given that most odorants stimulate multiple glomeruli and thus would be expected to stimulate multiple pathways. Identifying these distinct populations of OSNs has made it possible to trace the downstream circuits that translate odor detection into behavior (17) (18) (19) .
Does a single population of OSNs that mediate attraction behavior to a single chemical cue exist? The synchronous output of the AL upon stimulation by complex odorants such as pheromone mixture and floral scent was proposed to generate attraction behavior in moth (20) (21) (22) . In contrast, manipulation of individual glomeruli activated by apple cider vinegar in Drosophila demonstrated that individual glomeruli, rather than a pattern of active glomeruli, are important for mediating attraction behavior (23) . Some monomolecular odorants induce a modest attraction response at low concentrations. However, either the OSNs that are activated by these odorants were not identified (24) or the attraction behavior was exhibited only after prolonged periods of starvation (25) .
Ammonia and amines, which are released during the decomposition of protein-containing organic materials, appear to be important for the survival of various species. Rotting fruits emit increasing levels of amines (26, 27) ; scavenging flies and beetles are lured to such foul odors when they are emitted by the carrion flower to accelerate the pollination process (28) ; mosquitoes are attracted to ammonia, a metabolite emanating from animal hosts (29, 30) ; ammonia serves as a cue by which procellariiform seabirds locate their nests and prey (31) ; and Caenorhabditis elegans displays attraction behavior to ammonium acetate (32) . Our knowledge of the ORs that mediate attraction behavior varies from one species to another. Mosquitoes are known to possess grooved-peg sensilla that mediate electrophysiological responses to ammonia and amines (33, 34) ; unfortunately, the molecular identity of the receptor is unknown. In contrast, the mammalian ORs that detect a small subset of volatile amines have been identified as trace amine-associated receptors (35) .
We found that Drosophila display a strong attraction to ammonia and volatile amines, regardless of their internal energy state. This attraction behavior is mediated by a population of OSNs that express a member of the IR family, IR92a, and send their dendrites to coeloconic sensilla in the antenna. Silencing of IR92a + neurons or IR92a gene impaired the physiological and behavioral responses to these odorants. In vivo calciumimaging experiments demonstrated that both OSNs and PNs innervating the ventral medial (VM1) glomerulus in the AL were highly specific for ammonia and amines. Because of the simplicity of this initial processing, we traced the VM1-PN pathway to higher brain centers and found that these PNs provide inputs to an area within the LH that is topographically segregated from another LH area that is innervated by V-PN and DC4-PN, which mediate avoidance behaviors to carbon dioxide and acidity, respectively.
Results
Ammonia and Amines Are Strong Insect Attractants. We observed that wild-type Canton-S flies were highly attracted to ammonia in a binary-choice assay using a T-maze. Attraction to ammonia peaked at an optimal concentration of 0.7% (vol/vol) of the odorant, with an average preference index of more than 50% (Fig.  1A) . As the concentration of ammonia in a tube decreased, flies became less attracted to the tube. Conversely, as the odor concentration increased, ammonia became noxious to the responding flies, often resulting in lethality. We also observed attraction behavior in another Drosophila melanogaster strain, Oregon-R, and another species, Drosophila simulans (Fig. 1B) . Other insects, such as mosquitoes, were shown to exhibit attraction to ammonia (29, 30) . In accord with the previous work, we found that the mosquito species Anopheles stephensi was attracted to a lower concentration of ammonia in a T-maze (Fig. 1B) . The underlying mechanism for this attraction behavior is different from the starvation-induced attraction to appetitive odorants (23, 25) . Indeed, flies were highly attracted to appetitive odorants such as apple cider vinegar in a T-maze after periods of food deprivation, but attraction to ammonia was not enhanced further by starvation (Fig. 1C) . The difference in attractive responses to ammonia versus appetitive odorants supports a view that attraction to ammonia does not depend on the internal energy status of animals and likely is mediated by a hardwired circuit.
The ammonia molecule has one nitrogen atom and three hydrogen atoms, which can be replaced by other functional groups to become amines. We therefore asked whether amines also act as attractant to flies. As shown in Fig. 1D , flies exhibited robust attraction responses to volatile amines.
Single Population of OSNs Is Highly Specific to Ammonia and Amines.
We next sought to identify the sensory neurons that are required for attraction to ammonia and amines. Although attraction to ammonia required an olfactory appendage, the antennae, flies mutant for ORCO (36), which is required for the function of about 75% OSNs, were completely normal in attraction to ammonia (Fig. 1E) , indicating that sensory neurons other than ORCO + neurons mediate the attraction response. Because IRs are expressed in OSNs that do not overlap with ORCO expression (4), we tested whether inactivation of IR neurons impairs attraction to ammonia and amines. We engineered flies in which several populations of IR neurons were silenced by targeted expression of tetanus toxin (TNT) (37) under the control of a broadly expressed IR8a promoter driving yeast transcription factor GAL4 (IR8a-GAL4) (Fig. S1A) . In a T-maze, these flies showed a significant decrease in attraction to ammonia and trimethyl amine, whereas they exhibited strong avoidance responses to a repellent, CO 2 ( Fig. 2A) . These results demonstrated that the sensory neurons labeled by IR8a-GAL4 are important for the attraction behavior.
To identify a population of the IR neurons that respond to ammonia and amines, we performed in vivo calcium imaging of the AL of flies expressing a calcium-sensitive GFP, GCaMP3 with upstream activation sequence (UAS-GCaMP3) (38) , driven by the IR8a-GAL4 driver (Fig. S1A) . Using this approach, we identified a pair of ventral medial glomeruli, termed "VM1" (6, 39) that was activated by ammonia but not by other odorants (see below and Table S1 ; also see Fig. 4B ). Axonal projection to VM1 originates from sensory neurons that reside in ammonia-responsive coeloconic sensilla (40) and express the IR92a receptor (8) . In addition to VM1, we found that another pair of glomeruli, termed "VC3," was activated by ammonia as well as by other odorants such as alcohols and acetates (Fig. 2B) . These glomeruli are innervated by sensory neurons that send their dendrites to coeloconic 3B sensilla and express the OR35a receptor. The broad tuning property of OR35a + neurons to odorants as measured by calcium imaging is consistent with the previous finding from sensillar electrophysiological recordings (40) . We next investigated the odor-tuning characteristics of IR92a + neurons by examining the VM1 glomerular responses to a panel of more than 70 odorants. In vivo calcium imaging of flies carrying IR92a-GAL4 and UAS-GCaMP3 showed that VM1 is activated by all tested amines except cyclohexylamine but not by nonamine odorants (Fig. 2C and Table S1 ). Ammonia and amines are good proton acceptors or bases. Thus, we tested whether the basicity of amines is the ligand that activates VM1 by measuring the glomerular responses to nonamine bases such as NaOH and NaOCl. None of these bases activated the VM1 glomerulus ( Fig.  2C and Table S1 ). Taken together, these results demonstrated that amine is the chemical moiety that apparently activates IR92a + neurons. Because IR92a + neurons and OR35a + neurons were activated by ammonia, we asked whether attraction behavior requires both populations of OSNs or only a single population of either IR92a + neurons or OR35a + neurons. We functionally inactivated each population of OSNs by targeted expression of TNT using an IR92a-GAL4 and/or OR35a-GAL4 driver. In a T-maze, flies in which IR92a + neurons were silenced had significant impairment in attraction to ammonia whereas expression of TNT in OR35a + OSNs had no effect on attraction behavior (Fig. 3A) . The expression pattern of the IR92a-GAL4 is the same as two other independently generated IR92a-GAL4 drivers, which were prominently expressed in the OSNs that innervate VM1 and were weakly labeled in fibers in the subesophageal ganglion (Fig.  S1B ). Because attraction to ammonia is abolished in antennaless flies (Fig. 1E ), the expression in the subesophageal ganglion is unlikely to contribute to the behavior. Furthermore, inactivation of both IR92a + and OR35a + neuronal populations led to a defect that was similar to that seen with silencing IR92a + neurons alone (Fig. 3A) . This result suggests that IR92a + neurons have the primary role in generating attraction behavior and that the contribution from OR35a + neurons is negligible. Likewise, IR76a + neurons that were activated by ammonia (and some amines) (8) were not required for attraction responses to the odorant (Fig.  S2A ). Although an average preference index of IR92a-GAL; UAS-TNT flies was significantly different from that of control flies expressing inactivated TNT (UAS-impTNT), they still showed residual attraction responses to ammonia that were abolished by surgical removal of the antennae (Fig. 1E ). The residual responses could result from a minimal contribution from other OSNs or from incomplete silencing of IR92a + neurons by UAS-TNT. We further tested whether IR92a + neurons are required for attraction to amines. Flies carrying IR92a-GAL4 and UAS-TNT showed a significant decrease in attraction to several amines, whereas control flies bearing IR92a-GAL4 and UAS-impTNT exhibited normal attraction behavior in a T-maze (Fig. 3B ). Although most amines were attractants, hexylamine, which contains a large side chain and a low vapor pressure, acted as a repellent to flies (Fig. 3B) . However, the modest avoidance responses to hexylamine were mediated by sensory neurons other than IR92a + neurons, because inactivation of IR92a + neurons still produced avoidance as robust as those in control flies (Fig. 3B) . The amine with an extensive hydrocarbon chain might activate other sensory neurons that lead to avoidance behavior. Attraction to ammonia was observed in a more natural setting: an open-arena/trap assay in which flies were released in a container and given a choice between a tube containing 0.7% ammonia and a control tube containing water (Fig. 3C) . Consistent with the T-maze results, flies with inactivated IR92a + neurons had impaired attraction to ammonia in the trap assay but showed normal responses to an unrelated odorant, apple juice (Fig. 3C) .
We also found that some complex amines, such as spermidine and putrescine which possess more than one amine functional group, weakly activated the VM1 glomerulus and generated a modest attraction (Fig. S2 C and D) . However, inactivation of IR92a + neurons did not reduce the attraction responses to any of these odorants, indicating that these sensory neurons are not required for attraction to the complex amines ( Fig. S2 C and D) . These complex amines were shown to activate another population of sensory neurons that express IR41a (8) . However, inactivation of IR41a + neurons did not block attraction to these complex amines in a T-maze either ( Fig. S2 C and D) .
IR92a Gene Is Necessary and Sufficient for Glomerular Activation to Ammonia and Amines. Having shown that IR92a + neurons are necessary for mediating attraction behavior, we next determined whether the IRs expressed in these neurons are required for attraction to ammonia and amines. IR92a + neurons were shown to coexpress IR76b in the antenna (Fig. 4A) (4) . In addition to IR76b, IR8a and IR25a proteins were localized to many of IR92a + cells in the antennae (Fig. 4A, Upper) . We therefore asked whether these IR receptors are required for physiological responses to ammonia and amines. In the IR8a mutant, the VM1 glomerulus was activated normally by ammonia, trimethyl amine, and ethyl amine measured by in vivo calcium imaging, as was the IR25a mutant (Fig. 4B) . Similarly, targeted expression of IR76b RNAi by the IR92a-GAL4 driver, which would knock down the endogenous IR76b mRNA levels (Fig. S3A) , did not block glomerular responses to these odorants. In contrast, expression of IR92a RNAi in IR92a + neurons, which eliminated the IR92a expression (Fig. S3B) , abrogated the VM1 glomerular activation (Fig. 4B) . These results demonstrated that IR92a has a cell-autonomous function as an amine-sensing receptor that is required for VM1 activation.
To determine the role of IR92a as a putative amine receptor, we ectopically expressed IR92a in several populations of IR sensory neurons and asked whether IR92a is capable of conferring amine sensitivity in neurons that normally are insensitive to ammonia and amines. We misexpressed IR92a by using IR8a-GAL4 or IR25a-GAL4 driver, which is expressed in several IR glomeruli in the antennal lobe, and measured their glomerular responses to ammonia, trimethyl amine, and ethyl amine. Consistent with the previous experiment (4), we found that most neurons ectopically expressing IR92a by IR8a-GAL4 or IR25a-GAL4 were activated by these odorants (Fig. 4C and Fig. S4A ). In contrast, misexpression of IR92a in non-IR OSNs by the ORCO-GAL4 driver did not induce ectopic response to ammonia and amines (Fig. S4B ). Nor were we able to reconstitute the function of IR92a in the heterologous expression systems such as Xenopus oocytes and HEK293 cells. Together, these results demonstrated that misexpression of IR92a alone in coeloconic neurons is sufficient to induce ectopic responsiveness to ammonia and amines, suggesting that IR92a functions with a cofactor specifically expressed in coeloconic neurons to act as the direct determinant. Such a cofactor is not likely to be IR8a or IR25a, because neither IR8a nor IR25a is required for the function of IR92a in ammonia detection (Fig. 4B) 
(5).
IR92a Is Required for Attraction to Ammonia and Amines. Consistent with the physiological defects was the observation that tissuespecific knockdown of IR92a by using two different IR92a RNAi lines in IR92a + cells impaired attraction to ammonia, trimethyl amine, and ethyl amine but did not affect attraction responses to apple cider vinegar (Fig. 4D) . In contrast, IR8a and IR25a mutants as well as IR76b knock-down flies exhibited normal responses to ammonia and amines (Fig. 4 D and E) despite their expression in IR92a + neurons. Therefore, consistent with the requirement of IR92a for amine-evoked VM1 activation measured by in vivo calcium imaging, IR92a, but not other IR receptors, is required in VM1 neurons for attraction to ammonia and amines.
Specificity of VM1-PN Responses to Ammonia and Amines. Having shown that IR92a + sensory neurons projecting to VM1 are highly specific to ammonia and amines, we asked whether the ligand specificity is preserved in the second-order VM1-PNs, which are postsynaptic to IR92a + neurons. GH146-GAL4 and NP0225-GAL4 drivers are expressed in a large fraction of PNs including VM1-PNs (Fig. S5A) (17, 41) . Our behavior experiments showed that flies in which the PNs were inactivated using GH146-GAL4 or NP0225-GAL4 had impaired attraction to ammonia in a T-maze (Fig. 5A and Fig. S5B ). This result con- firms that the PNs transmitting the odor-evoked signals to higher brain centers are contained within GH146-GAL4 and NP0225-GAL4 lines. When we measured glomerular responses of VM1-PNs to a panel of more than 70 odorants, we found that VM1-PNs were activated specifically by ammonia and amines but not by nonamine odorants (Fig. 5 B and C and Table S1), as is consistent with previous whole-cell patch-clamp recordings from a VM1-PN (11). These results illustrated that VM1-PNs have odor-tuning characteristics similar to those of VM1-OSNs and that the major inputs to VM1-PNs originate from VM1-OSNs. Because most PNs have broader odor tuning than their presynaptic OSNs (11, 42) , the remarkably specific odor-tuning property of VM1-PNs implies that these neurons are dedicated for ammonia and amine attraction behavior.
VM1-PN Projection Pattern in Higher Brain
Centers. We next examined the projection patterns of VM1-PNs to higher brain centers by using a genetically encoded photoactivable GFP (PA-GFP) (18, 43) . PA-GFP emits strong fluorescence after it is photoconverted by a two-photon laser and diffuses out from cell bodies to axons and dendrites. Thus, the neuronal processes become visualized. We made flies carrying a PN driver, NP0225-GAL4, and an improved version of PA-GFP (UAS-SPA/UAS-C3PA) (19) and photo-illuminated the VM1 glomerulus in these animals. Consistent with the previous work that used the mosaic analysis with a repressible cell marker labeling technique (17), we found that each VM1-PN projects to higher brain centers with a stereotypic innervation pattern. The VM1-PN innervates the MB, making arborization with approximately three discernible boutons in the calyx, and extends its axon to the lateral (and posterior) region of the LH with a stereotypic branching pattern (Fig. 6A) .
To determine whether VM1-PN inputs to the MB are important for the attraction behavior, we sought to ablate the MB structure through hydroxyurea (HU) treatment at a critical period of development (44) and to test these flies in the behavior assay. In flies bearing a MB-specific driver, OK107-GAL4 (45) and UAS-mCD8GFP, the MB lobes and neuropil including the calyx were visualized by GFP fluorescence. Upon HU treatment, all these structures were thoroughly ablated, leaving a small portion of the γ lobe intact (Fig. S6) . These MB-ablated flies still exhibited robust attraction to ammonia (Fig. 6B) , indicating that the MB is dispensable for this attraction behavior, although VM1-PN inputs to the MB could still be important for olfactory conditioning to ammonia and amines. Because the MB is not required for attraction behavior, VM1-PN inputs to the LH likely are important for the manifestation of this odor-evoked innate behavior, as is consistent with the notion that the LH encodes the valence of sensory information (46) (47) (48) . We next asked whether the VM1-PN innervation pattern in the LH is topographically distinct from another known pathway that mediates an innate avoidance behavior. The OSNs projecting to the V glomeruli in the AL are highly dedicated to producing avoidance responses to CO 2 (14, 15, 49) . Photo-activating the V glomerulus of flies carrying UAS-SPA, UAS-C3PA, and a cholinergic Cha-GAL4 driver (50) uncovered at least four distinct classes of output V-PNs that extend their axonal processes via inner, medial, and outer antenno-cerebral tracts (iACT, mACT, and oACT, respectively) to different parts of the brain including the LH (Fig. S7C) . To compare the projection patterns of VM1-PNs and those of V-PNs in the LH accurately, we sequentially photo-illuminated a VM1-PN and a V-PN in the brain of a fly carrying UAS-SPA/UAS-C3PA, NP0225-GAL4, and a previously reported V-PN driver, NP7273-GAL4 (51). As shown in Fig. 6 C-F and Movie S1, the medially located, crescentshaped axonal termini of V-PN do not overlap with the laterally positioned termini of the VM1-PN axon. To test whether axonal terminals from other V-PN types also are segregated from the axonal terminals of VM1-PNs, we photo-activated the VM1 and V glomeruli in a fly carrying a pan-neuronal nSyb-GAL4 driver and UAS-SPA. We found that axonal terminals from other V-PNs do not overlap with the axonal terminals of VM1-PNs in the LH (Fig. S7 A and B) .
Furthermore, the sensory neurons that project to the DC4 glomeruli in the AL also are dedicated to generating avoidance behavior to acidity (16) . Using the same approach, we labeled a DC4-PN and a VM1-PN in an animal that carried UAS-SPA, UAS-C3PA, and Cha-GAL4 (Fig. 6 G-J) . The projection pattern of the VM1-PN labeled by Cha-GAL4 driver is highly similar to that of the VM1-PN labeled by NP0225-GAL4 or nSyb-GAL4, which innervates the lateral (and posterior) region of the LH (Fig. 6G) . In contrast, the DC4-PN innervates the medial (and anterior) region of the LH with a crescent-shaped branching pattern highly reminiscent of that of the V-PN (Fig. 6 H and I) . Moreover, their axonal termini do not have any overlap with those of VM1-PNs (Fig. 6 I and J and Movie S2). These results demonstrated that the neuronal circuit mediating attraction to amines is topographically segregated from the neuronal circuits activating avoidance behaviors to CO 2 and acidity within the LH. Discussion Drosophila, like other insects, exhibits a strong attraction response to the monomolecular odorants ammonia and amines. These odorants often emanate from decaying flesh and organic materials and thus might serve as ethologically relevant chemical cues that animals can use to meet their nutritional needs. This attraction behavior, which was observed in both T-maze and open-arena/trap assays, is mediated by a single population of IR92a + sensory neurons that are activated specifically by ammonia and amines. The moiety that these odorants appear to have in common is a single nitrogen atom with a lone electron pair that forms three separate single bonds with hydrogen or carbon atoms. The separate nature of these single bonds is supported by the observation that benzyl cyanide, a nitrile that possesses a nitrogen moiety with a single triple bond, failed to activate IR92a + neurons (Table S1 ). Complex amines (i.e., amines containing more than one amine group) weakly excited IR92a + neurons and induced modest attraction responses, but inactivation of these neurons did not impair the attraction behavior, indicating that attraction to complex amines is mediated through another sensory pathway.
It is important to note that the contribution of IR92a + neurons to amine-evoked behaviors differs from that of OR35a + or IR76a + neurons. The difference indicates a distinction between the sensory neurons that are required for mediating a behavioral response to an odor stimulus and those that merely are activated by the stimulus. The cardinal feature of IR92a + neurons that distinguishes them from the other neurons is their specificity to a single modality of odorants (ammonia and amines) that share a single chemical characteristic, a nitrogen atom with three chemical bonds. These odorants are released during degradation of proteins and serve as a key sensory cue to reveal an abundance of nitrogen, a primary constituent of all living organisms. To activate a hardwired behavioral response to such odorants, dedicated sensory neurons must have evolved to support a labeled-line mode of odor coding. Indeed, several lines of evidence suggest the existence of such "specialist" sensory neurons in the taste (52) and olfactory systems (13, 14, 16, 53) that are endowed with narrow tuning properties and are dedicated to mediating innate behaviors. Conversely, sensory neurons that are not specific to ammonia and amines (e.g., OR35a
+ and IR76a + neurons) do not play a role in mediating attraction behavior. Consistent with this view, we found that the DP1l glomerulus innervated by IR75a + sensory neurons that were activated by some, but not all, acids appeared to be dispensable for avoiding acids (Fig. S2B) , whereas DC4 neurons that are highly specific for all acids are indeed the determinant of acid avoidance (16) .
It has been proposed that the antennal IR family emerged early in evolution as the first olfactory receptor family for detecting environmental stimuli (54) . IR sensory neurons other than those expressing OR35a act as specialist neurons that are narrowly tuned to a few select stimuli such as acids, amines, or water, whereas OR neurons generally are broadly tuned to many odorants (8, 40, 55, 56) . In previous studies, two other populations of IR neurons that project to the DC4 and VL2a glomeruli in the AL were found to be highly selected for the detection of single chemical cues, specifically proton and phenylacetaldehyde (or phenylacetic acid), and hardwired to specific behavioral outputs, namely avoidance and courtship (16, 53) . These findings are consistent with the speculation that IR-expressing coeloconic sensilla have an ancient origin (57) . Such ligand specificity and dedicated circuitry probably reflect the most basic needs of an ancestral insect (40) .
In calcium-imaging experiments carried out using GCaMP3, VM1-PNs retained the extreme selectivity of their OSN inputs, a hallmark of the labeled-line mode of amine coding. These VM1-PNs were activated robustly by ammonia and amines, whereas other odorants generated little or no response. The odors to which the VM1-PNs responded were very similar to those to which the VM1-OSNs responded, with a few exceptions. For example, several complex amines, including spermidine, spermine, and putrescine, weakly excited VM1-OSNs but failed to activate VM1-PNs, possibly because the VM1-PN driver is too weak to induce the sufficient level of GCaMP expression to detect the calcium transient or because the olfactory signals evoked by complex amines are not transmitted through this pathway. In contrast, butyraldehyde and isobutyraldehyde failed to activate VM1-OSNs, but they did stimulate VM1-PNs after an approximately 1-s delay (Table S1 ). The delayed response was distinct from the response observed during amine-evoked activation and may have been caused by rebound effect. The narrow tuning of VM1-PNs likely is important for preventing nonamine odorants from inducing attraction behaviors and thus may ensure a tight connection between stimulus and behavior.
Our finding that the area to which VM1-PNs project within the LH is topographically segregated from the V-PN and DC4-PN target area indicates that valence-i.e., attraction and avoidance (to amines and CO 2 /acidity, respectively)-is represented by its own field within the LH. Chemosensory receptors of the olfactory and taste systems that are not spatially organized at the periphery converge upon a fixed cortical map where neurons with similar response profiles are clustered and probably encode the value of chemosensory signals. Taste-receptor cells, for example, provide inputs from the four basic tastes to four distinct areas in the insular cortex of the mammalian brain (58) . Similarly, a gustatory map of sweet and bitter taste exists in the subesophageal ganglion of Drosophila (59, 60) . The sensory pathways that mediate innate avoidance responses in mice converge onto the dorsal olfactory bulb, which projects primarily to the cortical amygdala (61, 62) . Furthermore, the receptors for hot and cold sensation project onto distinct but adjacent glomeruli, thereby forming a thermotopic map in the Drosophila brain (63) . Such topographic organization of sensory inputs in the higher brain center would be important for decoding sensory information and effectively activating the appropriate set of motor neurons because there are a far fewer descending neurons than sensory neurons in Drosophila.
The fact that the axon termini of VM1-PNs and V-PNs (and DC4-PNs) are segregated within the LH suggests that third-order LH neurons postsynaptic to VM1-PNs may respond to similar stimuli and might be exclusive for attraction behavior. Likewise, the LH neurons postsynaptic to V-PNs and DC4-PNs would be innervated by another pathway mediating avoidance behavior. Further mapping of third-order neurons will greatly advance our understanding of how valence is encoded in the brain.
Experimental Procedures
Transgenic Flies and Fly Stocks. IR-GAL4 constructs were generated by cloning DNA sequences immediately upstream of the ATG start codon into the pCaSpeR-AUG-Gal4 vector (1). The lengths of DNA sequence used for generating IR92a-GAL4 and IR76b-GAL4 are 9,062 bp and 663 bp, respectively. IR8a-GAL4 was generated by cloning the DNA sequence upstream of the start codon (676 bp) fused directly to the sequences from IR8a intron 1 (59 bp), intron 2 (131 bp), and intron 3 (789 bp) into pCaSpeR-AUG-Gal4. Behavioral Analysis. Odorants were purchased from Sigma with >95% purity. Unless otherwise indicated in figure legends, the concentrations of odorants used in T-maze assay were ammonia, 0.7% (vol/vol); apple cider vinegar, 25% (vol/vol); carbon dioxide, 1% (vol/vol); acetic acid, 9% (vol/vol); other odorants, 1% in H 2 O (vol/vol). Flies were maintained on conventional food containing molasses and cornmeal at 25°C. Newly eclosed male flies were collected and aged for 10-14 d before behavioral testing. Approximately 20-25 flies were tested in each T-maze experiment. Flies were wet-starved for 23 h before conducting experiments using apple cider vinegar. All behavioral experiments were performed at 22-23°C with 40-60% humidity.
For the T-maze assay, 10 uL of odorant solution or water as control were dispensed onto a piece of filter paper (5 × 5 mm) placed in a 14-mL tube (no. 149598; Fisher). Tubes were sealed with parafilm and allowed to stand for at least 10 min before the experiment. Flies were introduced into the elevator of a T-maze by gentle tapping. A tube containing odorant was placed onto one side of the T-maze, and a control tube was placed onto the other side. Flies in the elevator then were given a choice between the odor side and the control side for 45-55 s. The preference index was calculated as (the number of flies in odor tube − the number of flies in control tube)/the number of flies in both tubes.
The open-arena trap assay is different from those previously reported (36, 65) . Our arena is smaller in size and has horizontally placed traps to facilitate fly entrance. To set the traps in the arena, 500 uL of ammonia solution (0.7%), apple juice (100%), or water as control was blotted onto a piece of KimWipe (Kimberly-Clark) that was placed at the end of a 14-mL tube (no. 149598; Fisher). The tube then was capped with three layers of parafilm and two layers of aluminum foil. A trimmed 200-uL pipette tip (∼3 cm in length) was inserted through the cap forming a one-way tunnel through which flies could enter the tube but were unlikely to exit. A pair of tubes containing odorant solution and water was placed in the middle of a glass dish with a diameter of 150 mm and a height of 20 mm (no. 89000-326; VWR). For each trial, ∼50 male flies (8-15 d old) were cold-anesthetized and transferred to the dish, which then was covered with a transparent plastic lid (no. 25384-326; VWR). Flies were allowed to choose between the odorant-containing tube and the control tube in a temperature-controlled (24-25°C) room overnight. The preference index was calculated as (the number of flies in ammonia-containing tube − the number of flies in watercontaining tube)/the number of flies in both tubes.
In Vivo Calcium Imaging. Live fly preparation and in vivo calcium-imaging experiments were performed as previously described (16) . Flies described in Fig. 4 were 13-15 PA-GFP Labeling. Brains from flies that were <1 d old were dissected in a buffer similar to adult hemolymph (18) and were immobilized by pinning to silicone gel. Before photo-conversion, the low-intensity fluorescence of PA-GFP protein can be visualized by two-photon illumination at a wavelength of 925 nm. Both VM1 and V glomeruli were easily identifiable by their position within the antennal lobe.
For the labeling of a single VM1-PN, the brain from a fly carrying NP0225-GAL4, UAS-SPA; UAS-C3PA was used. The 3D structure of the VM1 glomerulus was stimulated using weak photo-converting light at a wavelength of 715 nm for 15 cycles with 30-s intervals between cycles. After the photo-conversion, PA-GFP proteins within the glomerulus enhance in fluorescent intensity, diffuse, and label the cell bodies of VM1-PNs. Then stronger photo-converting light was applied to the single-labeled PN cell body for 60 cycles with 30-s intervals, leading to robust labeling of the entire structure of the cell including axonal and dendritic terminals. For the simultaneous labeling of VM1-PN and V-PN in the same brain, a fly carrying NP0225-GAL4; NP7273-GAL4 or nSyb-GAL4 and UAS-SPA/ UAS-C3PA was used. After a single VM1-PN was labeled by photo-stimulation, a fluorescence micrograph with a 3D stack was taken to record the position of the VM1-PN axonal terminals in the MB and the LH. Then the axonal processes from the V glomerulus of the same brain were labeled by the same method. A second micrograph with a 3D stack was taken and compared with the first one. The axonal projections of the labeled PNs were traced using the Vaa3d software (66) . Simultaneous labeling of VM1-PN and DC4-PN was carried out using the same approach in a fly carrying Cha-Gal4, UAS-SPA, and UAS-C3PA.
Immunohistochemistry. Anti-IR8a and anti-IR25a antibodies were kindly provided by Richard Benton. Immunostaining of the fly brains and the cryosectioned antennae were performed as previously described (16) .
HU Treatment. Newly hatched fly larvae were subjected to treatment with HU (HU + ) or mock treatment (HU − ) as previously described (67) . Adult flies (10-12 d old) from the HU + and HU − groups then were tested in a T-maze.
The extent of HU-mediated MB ablation was determined by the expression of UAS-mCD8GFP under the control of a MB-specific OK107-GAL4 driver.
